ABSTRACT: The controlled growth of MgO nanorods was investigated under electron irradiation in transmission electron microscopes at accelerating voltages from 120 to 300 kV in the temperature range from -175 to 610°C. The nanorod growth on the surface of MgO crystals was induced by Au, Pt, Ni, or Co particles of 2-4 nm in size. The nanorods were grown up to 8 nm after 5-30 min of electron irradiation time with beam current densities of 100-600 A/cm 2 . The mechanism of nanorod formation and growth is explained on the basis of electrostatic interactions between positive ions of MgO species and negatively charged metal particles.
Quasi one-dimensional nanometer-sized structures have recently attracted significant attention due to their unique properties and wide potential applications in electronic and optic devices, in highly sensitive biological and gas sensors, in catalysis, etc. [1] [2] [3] Up to now, much attention has been paid to various oxide nanowires and nanorods, which exhibit a rich variety of physical properties, including ferromagnetism, ferroelectric properties, and superconductivity, and might add further functionalities to devices based on quasi onedimensional nanostructures. Magnesium oxide, a typical wide-band gap insulator, has been extensively used as an additive in refractory experiments due to its high thermal stability, as a paint product, and as a component in high temperature superconductors. 4 MgO has been utilized as a protective film for plasma display screens and included in brake linings, owing to its favorable thermomechanical properties. Extruded magnesia has been applied as a protective sheath in aggressive environments.
MgO crystals were widely used as single crystal substrates for thin film growth due to the small mismatch in lattice parameters with many metals and metal oxides. MgO nanoparticles are typically smooth cubic crystals that are transparent to the electron beam in a transmission electron microscope (TEM) and thereby have been utilized as a substrate for high resolution TEM investigations of particles and clusters. [5] [6] [7] [8] [9] [10] During TEM investigations of the most stable Au particle shape on the surface of MgO crystals, Ajayan and Marks noticed the effect of decoupling of the particles from the substrate attributed to the increase in the particle/substrate interfacial energy. [5] [6] [7] Giorgio examined the formation of MgO terraces during studies of electron-beam-induced transformation of gold particles. 11 Kizuka observed the formation and subsequent surface structural evolution of the MgO clusters on the surface of Au particles. 11 Here, we report for the first time that in addition to CVD [11] [12] [13] [14] [15] and pulsed laser deposition [16] [17] [18] techniques, quasi one-dimensional nanometer MgO structures can be grown under electron beam irradiation of MgO crystals covered by different metals at temperatures as low as -175°C. We report the results of in situ examination of MgO nanorod formation in a TEM under a wide range of parameters: at accelerating voltages from 120 to 300 kV and at temperatures from -175 C to 610°C. As a material promoting the growth, we have examined Au, Pt, Ni, Co, and Fe sputtered on the surface of MgO substrates. We present a growth mechanism of MgO rods, which can be explained on the basis of electrostatic interactions between metal particles and a substrate. Cubic MgO nanoparticles were synthesized by burning 5-10 mm sized Mg granules at ambient conditions. 19 The combustion product was collected by passing a carbon-coated copper TEM grid through the smoke about 2-3 cm above the burning granule. Electron diffraction patterns (EDPs), energy dispersive X-ray spectroscopy (EDX), and powder XRD analyses confirmed the formation of MgO (Supporting Information, Figure S1 ). The existence of Mg(OH) 2 , MgCO 3 , and Mg 3 N 2 , which can be formed due to reaction with water vapor, carbon dioxide, and nitrogen, can be ruled out. Statistical measurements of MgO particles from TEM images revealed the log-normal particle size distribution with the geometric mean diameter of 37.7 nm and the standard deviation of 1.91 (Supporting Information, Figure S2 ). Au, Pt, Ni, Co, or Fe were sputtered on TEM grids with predeposited MgO particles using an Agar sputter coater (model 108A) under 0.05 mbar of Ar pressure at 20 mA dc at the distance from the metal target of 37 mm. Sputtering time was varied from 5 to 25 s.
Electron irradiation and imaging were carried out in three different microscopes (FEI Tecnai F-30, Philips CM-200 and CM12) with an acceleration voltage ranging from 120 to 300 kV. A heating stage (Philips) and a cooling stage (Gatan) were used to keep the specimens at different temperatures during the irradiation experiments. Selected MgO particles were subjected to intense electron irradiation with beam current densities of 100-600 A/cm 2 and monitored in situ with high resolution by taking images in certain time intervals.
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For MgO nanorod growth, we applied Pt, Au, Ni, and Co. However, Fe sputtered on the surface of MgO particles did not result in the growth of nanorods (Supporting Information, Figures S4-S6 ). The statistical measurements of the diameters of MgO nanorods grown using Pt and Au particles revealed that nanorods had mean diameters of 2.2 and 2.4 nm, respectively (Supporting Information, Figure S3 ). As an example, Figure 1 It is worth noting that there is an epitaxial relationship between MgO and metal particles. Moreover, the nanorods grow only in the direction family of AE200ae. No influence of the electron beam direction on the direction of the nanorods was found. Figure 2 shows the starting moment of the MgO nanorod growth. Before nanorod growth, the lattices of Pt particles become aligned according to the MgO substrate. The process of nanorod growth starts only after the rearrangement of the metal particles on the substrate. The epitaxial relationship is preserved during the nanorod growth, as can be seen in Figure 3 . The nanorod growth termination is usually associated with the fact that metal particles lose their crystallographic features and as a result their epitaxial relationship with MgO nanorods and take the spherical form.
The mechanism of the nanorod formation can be explained on the basis of an electrostatic repulsion-attraction mechanism. Under electron beam irradiation, MgO particles are charged positively. 12 The process of charging is related to a high secondary electron emission coefficient of MgO 20 and Auger electron emission. 21 In addition to positive ions of Mg and MgO molecules, O þ emerges according to the Auger process based on the Knotek-Feibelman mechanism. 12 The secondary electron emission yield for metals, however, is <1 at high energies. 21 Also, there is a probability of metal particles to be negatively charged by trapping secondary electrons emitted from MgO particles. Therefore, MgO particles are charged positively whereas the metal particles might possess negative charges (Figure 4 ). 12 These ions can be attracted by negatively charged metal particles and trapped at the boundary between the particle and the MgO. Here, the ions are discharged by the excessive electrons on the metal and start to build a crystallographic lattice epitaxially underneath the metal particle. The nanorod growth starts after some delay, as we observed, which is most likely due to the creation of the interface between the growing nanorod and the metal particle. It is worth noting that the charging and discharging processes are dynamic processes: the metal particle can be charged by trapping low energy secondary electrons emitted from MgO particles and can be discharged due to the interaction with positively charged ions. The rate of charging and discharging of a metal particle determines the rate of the nanorod growth. After the nanorod growth is initiated, there are two possible scenarios depending on the irradiation intensity. At high growth rates, the bottom of the metal particle is encapsulated inside the growing nanorod as shown in Figure 5 , where a part of the Au particle detaches and gets trapped. At slow growth rates, the metal particle always remains on the top of the nanorod. The nanorod growth can be observed in a certain range of the beam intensities. The best growth conditions were obtained at the beam current density from 200 to 300 A/cm 2 . Let us discuss the reason for termination of the nanorod growth when the length reaches 6-8 nm. The Coulombic attraction between metal particle and ions on the crystal surface becomes weaker when the nanorod length increases and therefore the flux of building ions (O þ , MgO þ , and Mg þ ) to the particles decreases. As a result, the nanorod growth is suppressed and the metal particle accumulates negative charges. This can lead to attraction of the metal to the positively charged MgO particle. Indeed, Au and Pt particles were observed to fall from the tip of the nanorod to the MgO particle and induce the growth of another nanorod, while the previously grown nanorod continuously disappears ( Figure 6 and Supporting Information, movie S1). The termination of the nanorod growth was also observed due to the Ostwald ripening effect, 22 when small particles vanish from the surface and even from the tip of the nanorods, while large particles become larger (Supporting Information, Figure S7 and movie S2).
In order to verify the importance of charging phenomena, we carried out experiments where the charging effect was partially suppressed. For this purpose, we irradiated MgO particles sitting close to the edge of a copper grid. In this arrangement, the charging of MgO can be suppressed because secondary electron emission from the massive grid discharges the MgO nanoparticles. This is a common technique to avoid charging of insulators in the electron beam of a TEM. Indeed, no nanorod growth was observed close to the copper grid, confirming the electrical nature of the nanorod growth (Supporting Information, Figure S8 ).
It is important to note that Fe sputtered on the surface of MgO did not result in the growth of nanorods (Supporting Information, Figure S6 ). This can be explained by formation of iron oxide after taking the substrate with sputtered Fe to the ambient conditions. Iron oxide particles on the surface of the MgO crystal would not initiate the nanorod growth.
According to a possible thermal nature of MgO nanorod growth, it is worth noting that the growth was observed in the temperature range from -175 to 300°C. At higher temperatures, due to higher diffusion of atoms and small particles on the surface of MgO, the nanorod growth was suppressed by the enhanced Ostwald ripening effect (Supporting Information, Figure S9 ). Metal particles with excessive size were not observed to induce the growth of nanorods. TEM observations showed that the particles shrink due to surface diffusion and finally disappear under long-time irradiation at 610°C (Supporting Information, Figure S10 ). TEM images illustrating the growth of MgO nanorods at -175°C are shown in Figure 7 . It is worth noting that this is the lowest temperature at which nanorods have been synthesized. The process of nanorod growth at this temperature is more stable (no drift or vibrating during the irradiation) than that at room temperature, and the growth rate seemed to be faster. Therefore, the growth of nanorods is not directly associated with the thermal energy. A considerable heating of these objects in the electron beam can be neglected due to the low contribution of inelastic scattering.
In conclusion, we investigated the growth of MgO nanorods under electron irradiation of MgO covered by 2-4 nm sized Au, Pt, Ni, or Co particles. Growth of MgO nanorods was found at accelerating voltages from 120 to 300 kV and in the temperature range from -175 to 300°C. At higher temperatures, the growth of nanorods was suppressed by overgrowth of metal particles due to the Ostwald ripening effect. Termination of MgO nanorod growth was found to occur due to the loss of metal particles. Fe did not result in the growth of nanorods due to the formation of iron oxide on the surface of a MgO crystal. The nanorod growth was explained on the basis of an electrostatic repulsion-attraction interaction mechanism.
